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Abstract
Band structures of pressure-induced CeNiGe3 and exotic BCS-like YNiGe3
superconductors have been calculated employing the full-potential local-orbital
code. Both the local density approximation (LDA) and LDA+U treatment of
the exchange-correlation energy were used. The investigations were focused
on differences between electronic properties of both compounds. Our results
indicate that the Ce-based system exhibits higher density of states at the
Fermi level, dominated by the Ce 4f states, in contrast to its non f-electron
counterpart. The Fermi surface (FS) of each compound originates from three
bands and consists of both holelike and electronlike sheets. The specific FS
nesting properties of only CeNiGe3 enable an occurrence of spin fluctuations
of a helicoidal antiferromagnetic character that may lead to unconventional
pairing mechanism in this superconductor. In turn, the topology of the FS
in YNiGe3 reveals a possibility of multi-band superconductivity, which can
explain the observed anomalous jump at Tc in its specific heat.
Keywords: A. Superconductors, D. Electronic band structure
1. Introduction
Among Ce-Ni-Ge intermetallics, the pressure-induced unconventional su-
perconductivity (SC) is exhibited by e.g. Ce2Ni3Ge5 [1, 2] and CeNi2Ge2
[3, 4], however, the highest superconducting transition temperature Tc (=
0.48 K) was reported for studied in this paper CeNiGe3 [5]. It is known
that the phenomenon of pressure-induced SC in such f-electron systems oc-
curs around the quantum critical point (QCP), where their antiferromagnetic
(AFM) order vanishes and the heavy-fermion (HF) state is formed. Mean-
while, in CeNiGe3, an SC mechanism is more complex, since its SC is robust
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not only in the HF state (with strong spin fluctuations) at QCP for critical
pressure of 6-7 GPa, but in a much wider pressure range (1.7 - 9.3 GPa),
where it is able also to coexist with an ordered AFM state [6, 7, 8].
The discovery of non-f-electron YNiGe3 counterpart of CeNiGe3 enables
a comparison between electronic structures of these two isostructural or-
thorhombic superconductors. Furthermore, the Tc=0.46 K [9] in the consid-
ered here Y-based compound is close to that in its Ce-based analogue, but
the character of SC in the former system is rather BCS-like with some multi-
band anomalies. Investigations of electronic properties of these two systems
may be helpful in understanding differences between their SC features.
Magnetic properties of CeNiGe3 [10, 11] have been investigated with focus
on their similarities to those in Ce3Ni2Ge7 by both experimental [12] and the-
oretical methods [13]. The competition between collinear and helicoidal, with
the propagation vector k=(0, 0.409, 1/2), AFM ground states was reported
for CeNiGe3 [11]. In turn, the considered isostructural Y-based system has
also been used as a non-magnetic counterpart to CeNiGe3 [14, 15]. Despite
the fact that the substitution of Ce with Y atoms results in clear reduction of
the unit cell (u.c.) volume, acting as high hydrostatic pressure, the most ap-
parent discrepancies between CeNiGe3 and YNiGe3 can originate from their
electronic structure, connected with the presence of the Ce 4f electrons only
in the former compound.
In YNiGe3 an anomalous jump in specific heat, ∆C/γT = 0.5 at Tc =
0.46 K, with respect to the standard BCS value (1.43), clearly revealed an
exotic character of SC in this germanide. Also other Ni-Ge rare-earth su-
perconductor, La3Ni4Ge4, exhibits rather a weak-coupling behavior, but its
∆C/γT = 0.95 at Tc= 0.7 K [16] is significantly higher than the jump in
YNiGe3. It is suspected that only very high anisotropy of the superconduct-
ing gap may lead to such a low value of the specific heat jump at a raise
of SC as in the case of two-gap SC in MgB2 for which also a much reduced
jump ∆C/γT = 0.82 at Tc has been reported [17].
In this work, band structures of both CeNiGe3 and YNiGe3 ternaries are
investigated from first principles within the DFT (density functional theory)
framework. The main aim of this study is the comparison between the topol-
ogy of their Fermi surfaces and values of the density of states (DOS) at the
Fermi level (EF ). The analysis of similarities of the studied here systems to
other R-Ni-Ge (where R is a rare-earth atom) intermetallics is also carried
out.
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2. Computational details
Electronic structure calculations for CeNiGe3 and YNiGe3, crystallizing
in the orthorhombic SmNiGe3-type structure (Cmmm, space group no. 65),
have been performed with the full-potential local-orbital (FPLO-9) method
[18]. The Perdew-Wang form of the local density approximation (LDA) of the
exchange-correlation functional [19] was employed in the scalar relativistic
mode. Usually strongly-correlated Ce 4f electrons were additionally treated
within the LDA+U approach, assuming a commonly accepted value of the
effective Coulomb repulsion potential U = 6 eV that has been employed also
in other Ce-Ni-Ge [20] and Ce-based intermetallics [21]. For CeNiGe3, the
experimental neutron powder diffraction data of lattice parameters of the
u.c. volume, V0, at ambient pressure: a = 2.18083, b = 0.41351, c =0.41684
nm and atomic positions in the u.c.: Ce in (4h): (0.1681, 0, 1/2); Ni in (4g):
(0.39128, 0, 0); Ge(1) in (4g): (0.28331, 0, 0); Ge(2) in (4g): (0.0564, 0, 0);
Ge(3) in (4h): (0.4439, 0, 1/2) have been taken from Ref. [10]. In addition,
two sets of proportionally compressed lattice parameters were assumed to sim-
ulate possible changes of electronic structure, and particularly the FS, under
hydrostatic pressure. The assumed two sets of parameters corresponded to
reduced u.c. volumes: 99%V0 and 98%V0. In turn, for YNiGe3, the measured
x-ray diffraction values of lattice parameters: a = 2.1529, b = 0.4060, and c =
0.4063 nm [9] were utilized. Since the lack of experimental atomic positions
for YNiGe3, the above ones for the Ce-based compound were assumed. Here
the u.c. is equivalent to double formula units (f.u.). Valence-basis sets were
automatically selected by the internal procedure of FPLO-9. Total energy
values of considered systems were converged with accuracy to 1 meV for
the 16x16x16 k-point mesh of the Brillouin zone (BZ), corresponding to 657
k-points in the irreducible part of the BZ.
3. Results and discussion
In spite of the character of the Ce 4f electrons in CeNiGe3 that has been
considered rather as itinerant in Ref. [13], the inclusion of the repulsive
Coulomb potential U may yield a more adequate description of a normal state
in this system. For this germanide superconductor, our calculated DOS plots,
obtained by both LDA and LDA+U approaches are presented in Fig. 1. As
seen in this figure, the overall shape of DOS contributions, originating from
Ni and Ge atoms, appears to be almost unchanged by the inclusion of U = 6
3
eV for the Ce 4f states, being also similar to the LDA results for Ce3Ni2Ge7,
reported earlier [13]. The total DOS at the Fermi level, N(EF ), is dominated
by the Ce 4f electrons. However, the LDA+U result of N(EF ) reveals a
remarkable decrease from 6.0 (for LDA) to 3.75 states/eV/f.u. It is an effect
of the shift of the Ce 4f peak to higher energies above EF after including the
Coulomb potential U= 6 eV. Moreover, the shifted peak is about two times
broader than that obtained with the LDA approach. These values remain
unchanged with hydrostatic pressure considered here. Furthermore, earlier
specific heat measurements revealed the Sommerfeld coefficient γ0 = 34 mJ
Ce/mol/K2 for CeNiGe3 [11], being almost three times lower than γ0 (=
90 mJ Ce/mol/K2) for Ce2Ni3Ge5 [22]. Meanwhile, for CeNiGe3 the above
N(EF ) values are only slightly lower than the corresponding LDA or LDA+U
results for Ce2Ni3Ge5, equal to 6.8 or 5.0 states/eV/f.u., respectively [23].
Thus, the enhancement of the experimental γ0, compared with the theory, is
stronger in the latter superconductor.
The lack of the 4f electrons in YNiGe3 results in much lower value of
N(EF ) = 1.38 states/eV/f.u. than that in the above germanides, as illus-
trated in Fig. 2. Moreover, the total DOS at EF in this Y-based compound
is formed by equal contributions, coming from the Ni 3d, Y 4d and Ge 4p
electrons, analogously to those in other orthorhombic Y-Ni intermetallics,
e.g. Y2Ni3Si5 with N(EF ) = 2.5 states/eV/f.u. [24]. It is worth to notice
that in CeNiGe3, N(EF ) without the contributions of the Ce 4f electrons is
almost equal to that in YNiGe3 (see Fig. 2). Nevertheless, the similar values
of Tc’s (≈ 0.5 K) in both compounds seem to be rather coincidental, taking
also into account the HF character of SC only in CeNiGe3, exhibited under
pressure.
The FS of CeNiGe3 consists of three sheets, originating from three con-
duction bands denoted as I-III. The largest holelike sheet I, centered around
the Γ point, exhibits quasi-2D character along the elongated a axis, while the
two remaining FS sheets are built from smaller 3D electronlike closed pock-
ets, as depicted in Fig. 3. The differences between the LDA and LDA+U
results of FS are rather subtle, however, the latter exhibit more cylindrical
character of FS sheet I and a lack of artefactual tiny pieces in FS sheet II.
Furthermore, the FS sheets after simulating hydrostatic pressure (not shown)
would be the same in the scale of Fig. 3.
More detailed investigations of the FS in CeNiGe3 have revealed the
unique nesting properties, displayed in Fig. 4. The imperfect nesting vector
q in FS sheet I is in very good accord with the wave vector k=(0, 0.409,
1/2) of the helicoidal AFM order, observed experimentally [11]. It is worth
underlining that both the dimensions and topology of the whole FS, and espe-
cially the nested FS piece, remain almost the same for two sampling values
of hydrostatic pressure, as illustrated in Fig. 5. Only at pressure corre-
sponding to the volume 98%V0 the nesting vector becomes even less perfect
in its length. Therefore, our findings do not indicate an FS reconstruction
scenario (changes of the FS volume connected with f-electron localization-
delocalization process) under the probed hydrostatic pressure. Interestingly, a
nesting vector, also being consistent with the wave vector of an AFM struc-
ture, was reported for other HF superconductor under pressure, Ce2Ni3Ge5
[23] among Ce-Ni-Ge systems. Hence, in these Ce-Ni-Ge intermetallics, slight
modifications of the imperfect nesting properties by pressure may influence
the strength of spin fluctuations of an AFM-type that could be responsible
for the unconventional SC pairing mechanism in these systems under pres-
sure. In CeNiGe3, in which two types of AFM interactions compete with
each other [11], spin fluctuations of the helicoidal-type can be present also in
a broader lower-pressure region, where SC coexists with the AFM long-range
ordering of possibly a collinear-type. However, this issue requires further
experimental verifications.
In turn, the FS of YNiGe3, existing also in three bands (labeled as I-III),
is completely different from that in CeNiGe3, as visualized in Fig. 6. FS sheet
I contains small holelike quasi-2D pipes (along the a axis), located around
the Γ point. Also FS sheet III consists of quasi-2D pieces but having larger
cylindrical shapes, placed in the corners of the BZ. In turn, FS sheet II is more
3D and complex than the above ones. It is worth to note that in other non f-
electron orthorhombic Ni-Ge system, La3Ni4Ge4 [25], the numerous FS sheets
are very similar to those in YNiGe3. The specific heat jump ∆C/γT = 0.95 at
Tc= 0.7 K [16] in the 344-type system may be connected with an anisotropy of
the SC gaps opened on these FS sheets of different dimensionality. However,
the anomalous value of ∆C/γT = 0.5 at Tc in YNiGe3 is significantly lower,
especially in comparison with other multi-band superconductors, e.g. MgB2
(∆C/γT = 0.82 at Tc [17]). These findings suggest a multi-band character
of SC in YNiGe3 with strongly anisotropic SC gaps. One can consider two
SC gaps, opened on FS sheets II and III, differing in their dimensionality.
However, further experimental studies on the issue of SC gaps in YNiGe3 are
necessary to confirm these suggestions.
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4. Conclusions
The electronic structures of CeNiGe3 and YNiGe3 superconductors have
been investigated from first principles. The density of states at the Fermi
level in the Ce-based compound is dominated by the Ce 4f electrons while its
Fermi surface exhibits imperfect nesting properties, conserved under hydro-
static pressure, being consistent with the wave vector of the helicoidal AFM
structure. The possibility of tuning spin fluctuations by this nesting under
pressure may be crucial for unconventional superconductivity in this com-
pound. Meanwhile, the electronic structure of its isostructural counterpart,
YNiGe3, is considerably different. The multi-band character of rather BCS-
like superconductivity in YNiGe3 is possible due to its Fermi surface topology.
These findings may explain an anomalous value of the specific-heat jump (=
0.5) at Tc in YNiGe3, reported earlier [9].
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Figure 1: Total and partial (per electron orbitals) DOS plots for CeNiGe3, calculated
employing: a) LDA+U with U = 6 eV and b) standard LDA approaches.
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Figure 2: Calculated total and partial DOS plots for: a) CeNiGe3 (LDA+U) and b)
YNiGe3 (LDA).
Figure 3: The Fermi surface sheets of CeNiGe3, originating from three conduction bands
(denoted as I-III), computed by LDA and LDA+U approaches (left and right panels,
respectively) and drawn in the orthorhombic BZ boundaries.
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Figure 4: Two sections, a) - c) and b) - d), through Fermi-surface sheet I of CeNiGe3
(LDA+U) with the imperfect nesting vector q = (0, 0.409, 1/2), marked by arrows.
Figure 5: The same as in Fig. 4 d) but for the u.c. volume: a) at ambient pressure, V0,
and under pressure, corresponding to: b) 99%V0 and c) 98%V0.
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Figure 6: The calculated (LDA) Fermi surface sheets of YNiGe3, coming from three bands
(labeled as I-III) in the orthorhombic BZ boundaries.
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